The mammalian circadian clock is synchronized to the day : night cycle by light. Serotonin modulates the circadian effects of light, with agonists inhibiting response to light and antagonists enhancing responses to light. A special class of serotonergic compounds, the mixed 5-HT 1A agonist/antagonists, potentiates light-induced phase advances by up to 400% when administered acutely. In this study, we examine the effects of one of these mixed 5-HT 1A agonist/antagonists, BMY7378, when administered chronically. Thirty adult male hamsters were administered either vehicle or BMY7378 via surgically implanted osmotic mini pumps over a period of 28 days. In a light : dark cycle, chronic BMY7378 advanced the phase angle of entrainment, prolonged the duration of the active phase and attenuated the amplitude of the wheel-running rhythm during the early night. In constant darkness, chronic treatment with BMY7378 significantly attenuated light-induced phase advances, but had no significant effect on lightinduced phase delays. Non-photic phase shifts to daytime administration of a 5-HT 1A/7 agonist were also attenuated by chronic BMY7378 treatment. qRT-PCR analysis revealed that chronic BMY7378 treatment upregulated mRNA for 5-HT 1A and 5-HT 1B receptors in the hypothalamus and downregulated mRNA for 5-HT 1A and monoamine oxidase-A in the brainstem. These results highlight adaptive changes of serotonin receptors in the brain to chronic treatment with BMY7378 and link such up-and downregulation to changes in important circadian parameters. Such long-term changes to the circadian system should be considered when patients are treated chronically with drugs that alter serotonergic function.
Introduction
The mammalian master circadian clock, situated in the suprachiasmatic nucleus (SCN), governs daily rhythms in physiology and behavior (Antle & Silver, 2005 . These daily internal rhythms are synchronized to the external environment primarily by light input to the retina Antle et al., 2009) . Light is the predominant cue to which the circadian clock is synchronized, and it resets the clock in a phasedependent manner -during the early night, light input delays the phase of the clock, while light input later in the night advances it . The serotonergic system plays a role in modulating the magnitude of circadian responses to light Rea & Pickard, 2000) . Both serotonin (5-HT) and serotonergic drugs can modulate responses to light (Weber et al., 1998; Morin, 1999; Rea & Pickard, 2000; Smith et al., 2010 Smith et al., , 2014 Smith et al., , 2015a .
The SCN receives dense serotonergic input from both the median and dorsal raphe nuclei (Pickard, 1982; Meyer-Bernstein & Morin, 1996; Pickard & Rea, 1997a; Yamakawa & Antle, 2010) . 5-HT levels in the SCN are highest during periods of high locomotor activity, most notably during the early night for nocturnal rodents (Dudley et al., 1998) . In both mice and hamsters, responses to light are generally inhibited by 5-HT agonists Rea et al., 1994; Pickard et al., 1996 Pickard et al., , 1999 Pickard & Rea, 1997b; Weber et al., 1998; Rea & Pickard, 2000; Antle et al., 2003; Smith et al., 2014; Basu et al., 2015) and are enhanced by 5-HT antagonists (Moriya et al., 1998; Byku & Gannon, 2000; Gannon, 2001 Gannon, , 2003 Smart & Biello, 2001; Takahashi et al., 2002; Gannon & Millan, 2006; Lall & Harrington, 2006; Kessler et al., 2008; Sterniczuk et al., 2008; Lungwitz & Gannon, 2009; Smith et al., 2015a) . Of the various 5-HT receptor subtypes, the 5-HT 1A , 5-HT 1B and 5-HT 7 receptors seem to be important in modulating photic responses (Rea & Pickard, 2000; Smith et al., 2008 Smith et al., , 2015b . 5-HT 1A agonists inhibit photic phase shifts in a dose-dependent manner when injected systemically or directly into the SCN Weber et al., 1998; Antle et al., 2003) . They also inhibit firing rates of photically activated SCN cells (Ying & Rusak, 1994 . This modulation of light-induced responses is mediated by the activation of 5-HT 1A and 5-HT 7 receptors on cells in the SCN or by inhibition of neurotransmitter release from retinal terminal by activating 5-HT 1B receptors Pickard et al., 1996 Pickard et al., , 1999 Pickard & Rea, 1997b; Rea & Pickard, 2000) . Conversely, pretreatment with WAY-100635, a 5-HT 1A antagonist, significantly potentiates light-induced phase delays during the early subjective night (Smart & Biello, 2001) .
A third class of compounds, termed mixed agonist-antagonists, acts as agonists at presynaptic somatodendritic 5-HT 1A autoreceptors in the raphe nuclei and as antagonists at post-synaptic 5-HT 1A receptors in the SCN (Rydelek-Fitzgerald et al., 1990; Claustre et al., 1991; Gannon, 2003) . Four specific compounds have been identified that exhibit this pharmacological profile: NAN-190 (Rea et al., 1995; Lall & Harrington, 2006; Kessler et al., 2008; Sterniczuk et al., 2008; Smith et al., 2010) , BMY7378 (Byku & Gannon, 2000; Gannon, 2003; Lungwitz & Gannon, 2009; Smith et al., 2015a) , S15535 (Gannon, 2003) and MKC-242 (Moriya et al., 1998; Takahashi et al., 2002) . They are of particular interest as they enhance light-induced resetting of the circadian clock in mice and hamsters by up to 400%. Given the large-amplitude phase shifts, drugs such as these may find application in pharmacotherapy to treat circadian desynchrony associated with rotating shift work, jet lag, or chronic sleep disorders. For many airline crews and rotating shift workers, circadian desynchrony can be a chronic situation, which would necessitate chronic treatment, thus, it is important to assess the effects of chronic administration of these compounds. Chronic delivery of some serotonergic drugs can alter various properties of the circadian clock. Chronic delivery of the antidepressant fluoxetine has been reported to shorten free-running period of mice (Possidente et al., 1996) and to lower activity levels in hamsters (Duncan et al., 2010) although these effects are not universal, as they are not observed in rats (Wollnik, 1992) . Chronic treatment with the anxiolytic buspirone lengthens the active phase (a), advances the phase angle of entrainment, and decreases circadian amplitude of hamsters (Smith et al., 2014) . Here, we use osmotic mini pumps to test if chronic BMY7378 alters circadian properties in light-dark cycles and in constant darkness, as well as circadian responses to either phase-shifting light pulses or daytime injections of a 5-HT 1A agonist known to cause non-photic phase shifts.
Methods

Animals
A total of 30 adult male Syrian hamsters were used for this study (Charles River, Kingston, NY, USA). Animals weighed 100-110 g upon arrival in the laboratory. Hamsters were individually housed in polycarbonate cages (20 9 45 9 22 cm) equipped with running wheels (14 cm diameter). Animals were maintained in a 14 : 10 light : dark (LD) cycle until the start of the experiments. All animals were only used for these studies. Animals had ad libitum access to food (Purina Lab Diet 5001) and water throughout the experiments and were housed in temperature-(21 AE 1°C) and humidity-controlled rooms. Cages were changed approximately every 14 days and at least a week prior to experimental manipulations. All manipulations and husbandry during dark periods were performed using night-vision goggles (General Starlight Company, Richmond Hill, ON, Canada). All procedures were approved by the Life and Environmental Sciences Animal Care Committee at the University of Calgary and adhered to the policies of the Canadian Council of Animal Care for the ethical use of animals in research.
General protocol
Animals were housed in cages equipped with running wheels (14 cm diameter, with mesh running surfaces). All animals were initially allowed to entrain to a 14 : 10 LD cycle (14 h of 1200 lux and 10 h of 0 lux). After stable entrainment, osmotic mini pumps were surgically implanted subcutaneously in the region between the hamsters' scapulae. Wheel running was continuously monitored during all studies using magnetic switches mounted to the running wheel and connected to a computer running CLOCKLAB data collection software package (Actimetrics, Wilmette, IL, USA). Actograms were generated using CLOCKLAB analysis software. Fifteen animals were implanted with pumps containing a solution of the drug and 15 animals with pumps containing the vehicle solution (saline). Following surgery, all animals were released into their original LD cycles to monitor wheel-running activity and examine circadian parameters under light-dark cycles for 10-12 days. Following this, animals were placed into constant darkness (DD) for at least 7 days before being exposed to a single phase-shifting manipulation. The osmotic mini pumps only release their solution over a 28-day period; therefore, separate animals were used to examine photic phase delays (n = 10) photic phase advances (n = 10) and non-photic advances (n = 10).
Drugs and reagents
The 5-HT 1A receptor mixed agonist/antagonist 8-[2-[4-(2-Methoxyphenyl)-1-piperazinyl] ethyl]-8-azaspiro [4.5] decane-7, 9-dione dihydrochloride (BMY7378, Sigma Aldrich, Oakville, ON, USA) was dissolved in physiological saline and administered through osmotic mini pumps. Previously, we had examined the acute effects of this drug (Smith et al., 2015a,c) at a dose of 5 mg/kg. Here, we elected to use this same dose but spread over the full 24 h day (i.e., 5 mg/kg/day). To achieve this, pumps were filled with a solution with a concentration of approximately 90 mg/mL. Control pumps were filled with physiological saline (vehicle).
Osmotic mini pumps
All osmotic mini pumps were obtained from Alzet (Alzet Model 2004, DURECT Corporation, Cupertino, CA, USA) and were 2.5 cm in length and 1 cm in diameter. All pumps discharged at a rate of approximate 0.25 lL/h for 28 days. All pumps were filled according to manufacturer's instructions. A total of 15 mini pumps were filled with BMY7378, and 15 mini pumps were filled with vehicle (physiological saline).
Surgical procedures
Animals were entrained to the baseline 14 : 10 LD cycle before implantation with the osmotic mini pumps. On the day of the surgeries, osmotic mini pumps were filled with either BMY7378 or physiological saline. Hamsters were anesthetized with sodium pentobarbital (120 mg/kg, CEVA Sant e, France). A small incision was then made in the upper back between the scapulae, and a subcutaneous pocket was created by blunt dissection with hemostats. Pumps were implanted subcutaneously, and the incision was closed with Michel suture clips. After hamsters fully recovered, they were returned to their home cage with a running wheel and to their previous the LD cycle.
Phase shift manipulations
For the photic phase-shifting experiments, animals (n = 20) were first allowed to free run in DD for 7-9 days. They were then subjected to light pulses (15 min, 40 lux) either 6 h after activity onset (circadian time (CT)18; with CT12 being defined by convention as the time of activity onset for nocturnal animals) or an hour after activity onset (CT13). These phases elicit maximal phase advances and phase delays, respectively, in Syrian hamsters . Because the mini pumps only discharged at a constant rate for a period of 28 days, two sets of animals were used to separately test phase shifts at each of the time points. Ten animals in total were used to test for phase advances -five animals were implanted with BMY7378-filled mini pumps and five with salinefilled mini pumps. Nine animals were used to test for phase delays -five animals were implanted with BMY7378 mini pumps and five with saline; however one control animal was excluded from analysis due to illness. After exposure to the light pulses, animals were returned to DD and allowed to free run.
A further set of animals (n = 5 with BMY7378 filled mini pumps and n = 5 with saline-filled mini pumps) were used to explore nonphotic phase shifts to the 5-HT 1A/7 agonist 8-hydroxy-2-(di-n-propylamino) (8-OH-DPAT, 5 mg/kg in saline, Sigma, St. Louis, MO, USA). Injections occurred on day 8 of DD at CT8.
qRT-PCR
On the last day that the osmotic mini pumps would deliver drug, animals received an overdose of sodium pentobarbital at either CT0 or CT12. Brains were extracted and flash frozen on dry ice. Tissue from the prefrontal cortex, hypothalamus and brainstem (midbrain through hindbrain less the cerebellum, thus containing the major raphe nuclei) was removed, and total RNA was extracted using the Allprep RNA/ DNA Mini Kit following the manufacturer's protocols (Qiagen, Germany). Quality and quantity of RNA were ascertained with a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). To synthesize cDNA, 2 lg of RNA per sample was reverse transcribed using the qScript TM XLT cDNA Supermix (Quanta Biosciences, Gaithersburg, MD, USA), using the manufacturer's protocols. Primers for the 5-HT 1A receptor, the 5-HT 1B receptor and monoamine oxidase-A (MAO-A) were manually designed by an inhouse technician and purchased from IDT (Coalville, IA). Primer sequences were as follows: MAO-A: forward: gccaggaacggaaatttgtagg, reverse: ttggtttctctcaggtggaagc yielding a 215 base pair (bp) fragment; 5-HT 1A : forward: atatagaaagcgccgaaagtgg, reverse: actatgtgaacaaaaggacgcc yielding a 164 bp fragment, 5-HT 1B : forward: tacgtgaaccaagtcaaagtgc, reverse: accagggagatgatgaagaagg yielding a 218 bp fragment. Each sample was run in duplicate, using 10 ng of cDNA, 0.5 lM of the forward and reverse primers, and 19 SYBRGreenFastMix. qRT-PCR was performed and analyzed with the CFX Connect Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA). To determine the relative gene expression, each sample was normalized against two housekeeping genes: Ywhaz and CycA (Bonefeld et al., 2008) using the 2 ÀDDCt method as described by Pfaffl (2001) . Primer sequences for the housekeeping genes were as follows: CycA: forward: agcactggggagaaaggatt, reverse: agccactcagtcttggcagt yielding a 248 bp fragment; Ywhaz: forward: ttgagcagaagacggaaggt, reverse: gaagcattggggatcaagaa yielding a 136 bp fragment.
Data analysis
Data analysis was conducted with the Clocklab Analysis package (Actimetrics, Wilmette, IL, USA). Phase angle was assessed over the 5 days prior to surgery and the 5 days following surgery. Clocklab's activity onset identification tool determined onset times, which were subtracted from the time of lights-off. Positive values indicated activity onsets that preceded lights-off. Phase angle results were analyzed with a 2 (baseline vs. treatment) 9 2 (BMY7378 vs. saline) factorial Analysis of Variance (ANOVA). Activity duration (alpha) was determined by calculating the difference between the Clocklabidentified activity onsets and offsets on each day. The difference between these was calculated, and the average was calculated over the days being analyzed (last 6 days of baseline and first 5 days after surgery). Alpha was analyzed using a 2 9 2 mixed factorial ANOVA. Activity levels were assessed for the same days and were averaged together to yield average waveforms. Activity counts were averaged into four separate blocks: over the day and over the three equal blocks during the night. Two 2 (baseline vs. treatment) 9 4 (block) factorial ANOVAs were used to analyze the activity level results. Saline and BMY7378-treated animals were analyzed separately in this case, and planned contrasts between activity levels in each block between baseline and treatment were performed. Phase shifts to light pulses and 8-OH-DPAT were calculated using the standard Clocklab routine as described previously . Briefly, regression lines were fitted for activity onset a week before the light pulse and for days 3-10 after the light pulse. The first 2 days after the light pulse were not analyzed so that the regression line would not be influenced by transient onsets. The post-manipulation regression line was then extrapolated back to the day after the light pulse. The horizontal difference between the two regression lines represented the phase shift. Phase shifts were analyzed using independent samples t-tests. qRT-PCR results from the The bar graph denotes average activity levels (revolutions/minute) during the day, and the 1st, 2nd and 3rd part of the night. *P < 0.05, **P < 0.01. Individual data points in each group are denoted by the black circles.
hypothalamus and prefrontal cortex were analyzed with separate 2 (treatment: saline vs. BMY7378) 9 2 (phase: CT0 vs. CT12) twoway ANOVAs. Each gene and brain area was analyzed with separate ANOVAs. Due to experimenter error, brainstem samples from CT0 were lost, so brainstem samples were only analyzed at CT12. Separate independent samples t-tests were run for each gene comparing saline to BMY7378. As BMY7378 acts as an agonist at 5-HT 1A autoreceptors in the brainstem raphe nuclei (Sharp & Hjorth, 1990) , we hypothesized that this would lead to downregulation of the 5-HT 1A receptors here, and therefore used a one-tailed t-test for this gene, while using two-tailed tests for the other genes. For ANOVAs, all significant main effects and interactions were followed up using Student-Newman-Keuls post hoc tests.
Results
Animals treated with BMY7378 exhibited a rapid change to their circadian activity patterns. The overall waveform of wheel-running activity exhibited a decrease in amplitude. This was significant during both the early-and mid-night (significant treatment 9 block interaction, F 3,42 = 7.584, P < 0.001, Fig. 1) , with a small but significant increase in the late-night block. Vehicle-treated animals also exhibited a significant decrease in the amplitude of their waveforms after surgery (main effect of treatment, F 1,30 = 5.219, P = 0.045). While there was no significant interaction between treatment and time of day (F 3,30 = 1.754, P = 0.177), the planned comparisons revealed that the mid-night block was the only time when activity levels differed significantly (P = 0.006) between baseline and Fig. 2 . Actograms from animals with either a saline-filled osmotic mini pump (top left) or a BMY7378-filled mini pump (top right). Every horizontal row depicts activity over a 24 h day, with subsequent days plotted below the previous days. Vertical marks in each row depict times during which the animal was engaged in wheel running, with the height of the marks being proportional to the amount of activity. Night is denoted by the shading. The time of implantation of the mini pumps is denoted by the box containing an X. The brace brackets denote the range of days used for analysis. The bottom graph depicts the average phase angle of entrainments before and after implantation of the mini pumps. Open circles over each bar denote the individual data points for each condition. The average (AE SEM) phase angles of entrainment were unaltered in saline (white bars) but were significantly advanced in animals treated with BMY7378 (shaded bars), both immediately after pump implantation and 10-14 days after pump implantation. Significant differences from the saline control and from baseline are denoted in the table on the right. treatment in the vehicle-treated animals. The actograms and waveforms also suggested a change in phase angle of entrainment. Treatment with BMY7378 significantly advances the activity onset relative to saline post-surgery as well as relative to the baseline phase angle prior to surgery in the same animals (significant pump type 9 treatment block interaction, F 2,48 = 13.552, P < 0.001, Fig. 2 ). This difference was most striking in the days immediately following implantation of the pump (P < 0.001 both vs. saline and vs. baseline). While the phase angle of BMY7378-treated animals was significantly smaller by days 10-14 after surgery (P < 0.001), it was still significantly greater than that of both the saline-treated animals (P = 0.016) and their own baseline phase angle (P < 0.001). This advance in phase angle likely contributed to a significant expansion of the active phase (a) from 5.68 AE 0.24 h during baseline to 7.17 AE 0.34 h during treatment with BMY7378 (significant treatment 9 block interaction, F 1,24 = 11.590, P = 0.002). The a of saline-treated animals did not differ between baseline (6.37 AE 0.36 h) and treatment (6.23 AE 0.48 h).
While activity levels dropped after pump implantation (Saline baseline 9775.1 AE 697 revolutions/day, saline treatment 8717.8 AE 610 revolutions/day, BMY7378 baseline 9799.2 AE 482 revolutions/day, BMY7378 treatment 9355.0 AE 508 revolutions/day: main effect of treatment block F 1,24 = 7.588, P = 0.011), this did not differ between saline and BMY7378-treated animals (interaction F 1,24 = 1.265, P = 0.272). There was also no difference in free-running period between the saline and BMY7378-treated animals when they were put into DD (Saline: 24.09 AE 0.01 h, BMY7378: 24.10 AE 0.02 h, t 17 = 0.42, P = 0.68).
Animals pretreated with BMY7378 had significantly smaller phase advances to a late-night light pulse (0.34 AE 0.07 h) compared to those treated with saline (1.05 AE 0.08 h, t 8 = 6.706, P = 0.002, Fig. 3 ). BMY7378 pretreatment did not significantly change the magnitude of phase delays to early-night light pulses (saline: À0.70 AE 0.28 h, BMY7378: À0.95 AE 0.12 h, t 7 = 0.8873, P = 0.40). Non-photic phase shifts to CT8 injections of 8-OH-DPAT (0.384 AE 0.11 h in animals with saline-filled pumps) were significantly attenuated in animals with BMY7378-filled pumps (0.042 AE 0.06 h, t 8 = 2.64, P = 0.030, Fig. 4 ).
Chronic treatment with BMY7378 altered gene expression of various serotonin-related genes. BMY7378 increased levels of 5-HT 1A receptor mRNA in the hypothalamus (F 1,15 = 9.088, P = 0.009, Fig. 5 ) but decreased it in the brainstem (t 7 = 2.18, P = 0.033, Fig. 6 ). There was no significant change in the levels of 5-HT 1A receptor mRNA in the prefrontal cortex (F 1,15 = 0.984, P = 0.337). BMY7378 increased levels of 5-HT 1B receptor mRNA in the hypothalamus (F 1,15 = 11.590, P = 0.004, Fig. 5 ). While levels of 5-HT 1B receptor mRNA appeared lower in the prefrontal cortex in BMY7378-treated animals, this main effect was not significant Fig. 3 . Actograms depicting phase shifts to phase-delaying (left-hand plots) or phase-advancing (right-hand plots) light pulses (white diamond) in animals with saline-filled (top row) or BMY7378-filled (bottom row) osmotic mini pumps. The bar graph on the bottom presents the average (AE SEM) phase shifts in salinetreated (light gray) or BMY7378-treated (dark gray) animals. Individual data points contributing to each condition are depicted with open circles. Chronic BMY7378 treatment significantly attenuated phase advances to light. *P < 0.05.
(F 1,13 = 4.445, P = 0.055, Fig. 5 ). There was no significant change in the levels of 5-HT 1B receptor mRNA in the brainstem (t 7 = 0.106, P = 0.918, Fig. 6 ). BMY7378 decreased levels of monoamine oxidase A mRNA in the prefrontal cortex (F 1,15 = 9.714, P = 0.007, Fig. 5 ). While levels of monoamine oxidase A mRNA appeared lower in the hypothalamus in BMY7378-treated animals, this main effect was not significant (F 1,15 = 4.432, P = 0.053, Fig. 5 ). Levels of monoamine oxidase A mRNA were significantly lower in the brainstem of BMY7378-treated animals (t 7 = 3.00, P = 0.01, Fig. 6 ). The only significant time of day main effect detected was for monoamine oxidase A mRNA levels in the prefrontal cortex (F 1,13 = 19.127, P < 0.001, Fig. 5 ) with higher levels at CT0. None of the treatment 9 phase interactions were significant (all P > 0.2).
Discussion
The present study examined the effects of chronic BMY7378 treatment on circadian behavior in male hamsters. BMY7378 is a 5-HT 1A mixed agonist/antagonist that potentiates phase advances to light when acutely administered systemically (Byku & Gannon, 2000; Gannon, 2003; Smith et al., 2010 Smith et al., , 2015a . We found that Fig. 4 . Actograms depicting phase shifts to an injection of 8-OH-DPAT at CT8 (open diamond ) in an animal with saline-filled (top) or BMY7378-filled (middle) osmotic mini pumps. The bar graph on the bottom presents the average (AE SEM) phase shifts in saline-treated (white) or BMY7378-treated (gray) animals. Individual data points contributing to each condition are depicted with black circles. Chronic BMY7378 treatment significantly attenuated phase advances to 8-OH-DPAT. *P < 0.05. [Colour figure can be viewed at wileyonlinelibrary.com]. chronic BMY7378 administration significantly advanced the phase angle of entrainment and decreased the amplitude of activity in the early part of the night. Chronic BMY7378 also attenuates phase advances to late-night light pulses and daytime injections of 8-OH-DPAT, but had no effect on phase delays to early-night light pulses. Chronic BMY7378 had no effect on free-running period or overall activity levels. Chronic BMY7378 also leads to upregulation of 5-HT 1A and 5-HT 1B mRNA levels in the hypothalamus and downregulation of mRNA for both the 5-HT 1A receptor and MAO-A in the brainstem.
The mechanism by which acute treatment with BMY7378 and other 5-HT 1A mixed agonist/antagonists enhances advances to light is complex. The 5-HT 1A receptor plays a key role in these responses (Smith et al., 2010 ). BMY7378 appears to exert its proximate effects at the raphe nuclei (Smith et al., 2015a) where it will decrease serotonin output by activating 5-HT 1A autoreceptors. This would lead to disinhibition of both retinal terminals in the SCN and of SCN cells themselves. This would lead to both enhanced neurotransmitter release in response to a light pulse and enhanced postsynaptic responses to these inputs. Supporting this latter hypothesis, we have previously demonstrated these mixed agonist/antagonist drugs enhance phase shifts to intraSCN injections of NMDA and gastrin-releasing peptide . Additionally, serotonergic input to the SCN is not necessary for BMY7378 to enhance photic phase shifts (Smith et al., 2015a) suggesting that other input pathways are involved, such as from the intergeniculate leaflet. In contrast to the mechanism of action for acute treatments, the mechanism of action for the responses observed here to chronic treatment may simply involve upregulation and downregulation of genes involved in regulating the activity of serotonin. Consistent with its role as an agonist at 5-HT 1A autoreceptors, BMY7378 leads to a downregulation of the mRNA for the 5-HT 1A autoreceptor as well as for MAO-A. If these changes are mirrored in the levels of their corresponding proteins, then these changes could enhance serotonergic tone. Additionally, BMY7378 also acts as an antagonist for post-synaptic 5-HT 1A receptors. Chronic antagonism would lead to upregulation of the receptors, as was observed for levels of 5-HT 1A mRNA in the hypothalamus. So, while in the acute situation, the circadian system would have very low serotonergic activity with the raphe being silenced and the post-synaptic 5-HT 1A receptors being blocked; in the chronic situation, the opposite situation emerges, with the raphe being desensitized to negative feedback and postsynaptic serotonin targets being more sensitive.
The observed changes in phase advances are consistent with a system where serotonin release is enhanced, owing to downregulation of 5-HT 1A receptors and MAO-A in the brainstem, and where the SCN has enhanced sensitivity to serotonin, owing to upregulation of both 5-HT 1A and 5-HT 1B receptors in the hypothalamus. During the late night, when light exposure can cause phase advances, serotonin levels in the SCN are at or just above their daily mean level (Dudley et al., 1998) . Given serotonin's inhibitory role over photic responses of the circadian system (Rea & Pickard, 2000) , any enhancement of the release of serotonin or responses to serotonin should inhibit phase shifts to light. During the early night when light produces phase shifts, serotonin is at its highest levels in the SCN (Dudley et al., 1998) , thus any further enhancement in serotonin release is unlikely to exhibit any inhibition of shifts to phase-delaying light, as these phases shifts in unmanipulated animals are already occurring under maximal serotonergic inhibition.
Our study also found that animals administered BMY7378 chronically had a significantly more positive phase angle compared to vehicle-treated animals. Specifically, drug-treated animals started their activity on average half an hour before light onset compared to vehicle-treated animals. There was also a corresponding expansion of the duration of their active phase. Similar changes have been reported with neurotoxic lesions of the median raphe (Meyer-Bernstein et al., 1997). Given that the changes in phase angle were most prominent in the initial days following implantation of the mini pumps, this could represent initial activation of 5-HT 1A autoreceptors, leading to diminished raphe output, yielding similar behavioral results to those observed when serotonergic input to the circadian system is eliminated with neurotoxic lesions (Meyer-Bernstein et al., 1997) . Alternatively, the advanced phase angle might be due to initial enhanced advances to dawn light on the first day following implantation of mini pump before up-and downregulation of receptors occurred. A third option could be a change in the shape of the phase response curve to light, which would alter the phase angle of entrainment. This last option is intriguing, given that phase advances to light were eliminated in this study. However, loss of the advance region should then bias the phase response curve to delays, which should lead to more negative, rather than more positive, phase angle. However, given that the changes to phase angle diminished over the study, it is unlikely that the serotonergic system was in a similar state between when the phase angle changes (first few days) and phase shift changes were observed (3 weeks into chronic treatment). The final option for explaining the phase angle is a shortened circadian period, but there were no changes in period observed in these animals when placed into constant darkness, making this unlikely as well, although again period and phase angle we assessed at different timepoints in the study and the serotonergic system may not have been equivalent between them.
Activity levels overall did not change during treatment with BMY7378. The amplitude of activity in the early part of the night was decreased during BMY7378 treatment, but the advanced phase angle of entrainment may have redistributed activity into the daytime. Wheel-running behavior can be homeostatically regulated (Mueller et al., 1999) , thus the decrease in activity observed in the early night may simply be a homeostatic response to the activity that occurred prior to dark-onset during BMY7378 treatment.
Serotonin and the 5-HT 1A and 5-HT 7 receptors have also been implicated in non-photic phase shifting to exercise and arousal manipulations Antle et al., 2003; Gardani & Biello, 2008; Smith et al., 2008 Smith et al., , 2015b Yamakawa & Antle, 2010) , however some studies have questioned this Meyer-Bernstein & Morin, 1998) . While numerous studies have reported non-photic phase shifts to administration of the 5-HT 1A/7 agonist 8-OH-DPAT (Tominaga et al., 1992; Mintz et al., 1997; Antle et al., 2003) , the site of action of this drug has debated. In vitro studies have suggested a role at the SCN itself (Prosser et al., 1993; Prosser, 2003) , while in vivo microinjections to the SCN of hamsters were unable to mimic this response (Mintz et al., 1997; Antle et al., 2003) . Microinjections of 8-OH-DPAT to the dorsal and median raphe did elicit non-photic phase shifts (Mintz et al., 1997) . Given the upregulation of serotonin receptors in the SCN and downregulation of these receptors in the brainstem, the current study allows us to discriminate between these two hypotheses. If systemic 8-OH-DPAT acts primarily at the SCN, the upregulation of receptors there would be expected to lead to enhanced phase shifts to 8-OH-DPAT. However, as phase shifts were significantly attenuated, this observation is more in line with the hypothesis that it acts primarily at the raphe, where the observed downregulation of receptors would predict a smaller response. A similar approach could be used in the future to explore serotonin's role in other non-photic shifts, such as those to arousal, sleep deprivation or exercise (Bobrzynska & Mrosovsky, 1998; Yamakawa et al., 2016) . With the receptor changes observed here, animals treated with chronic BMY7378 should have a system in which both release of and responses to serotonin are enhanced. If serotonin plays a role in non-photic shifts, then phase shifts may be enhanced in animals chronically treated with BMY7378.
In conclusion, this study shows that while BMY7378 can greatly enhance responses to light when used acutely, chronic application of BMY7378 is quite different in that phase advances to light are completely absent. Chronic BMY treatment also leads to changes in the amplitude of the wheel-running rhythm, the duration of the active phase, and the phase angle of entrainment. This chronic treatment with BMY7378 also leads to up-and downregulation of certain components of the serotonergic system consistent with BMY7378's role as a mixed agonist-antagonist for the 5-HT 1A receptor. These findings not only highlight the role of serotonin in the circadian system, but also its adaptive responses to chronic stimulation. These changes are important to consider if serotonergic compounds are used in a chronic fashion to treat various sleep and circadian disorders.
